The retinohypothalamic tract (RHT ) relays photic information from the eyes to the suprachiasmatic nucleus (SCN). Activation of this pathway by light plays a role in adjusting circadian timing via a glutamatergic pathway at night. Here we report a new signaling pathway by which the RHT may regulate circadian timing in the daytime as well. We used dual immunocytochemistry for pituitary adenylate cyclase-activating peptide (PACAP) and the in vivo tracer cholera toxin subunit B and observed intense PACAP-immunoreactivity (PACAP-IR) in retinal afferents in the rat SCN as well as in the intergeniculate leaflet (IGL) of the thalamus. This PACAP-IR in the SCN as well as in the IGL was nearly lost after bilateral eye enucleation. PACAP afferents originated from small ganglion cells distributed throughout the retina. The phase of circadian rhythm measured as SCN neuronal activity in vitro was significantly advanced (3.5 Ϯ 0.4 hr) by application of 1 ϫ 10 Ϫ6 M PACAP-38 during the subjective day [circadian time (CT)-6] but not at night (CT14 and CT19). The phase-shifting effect is channeled to the clock via a PACAP-R1 receptor, because mRNA from this receptor was demonstrated in the ventral SCN by in situ hybridization. Furthermore, vasoactive intestinal peptide was nearly 1000-fold less potent in stimulating a phase advance at CT6. The signaling mechanism was through a cAMP-dependent pathway, which could be blocked by a specific cAMP antagonist, RpcAMPS. Thus, in addition to its role in nocturnal regulation by glutamatergic neurotransmission, the RHT may adjust the biological clock by a PACAP/cAMP-dependent mechanism during the daytime.
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Mammalian circadian rhythms are generated by an endogenous circadian clock located in the suprachiasmatic nucleus (SCN) of the hypothalamus (Turek, 1985; Klein et al., 1991; Harrington et al., 1994; Morin, 1994) . Photic cues are transmitted to the SCN via the retinohypothalamic tract (RHT) (Moore and Lenn, 1972; Johnson et al., 1988) . These inputs originate from a specific subset of retinal ganglion cells (Moore et al., 1995) . Light-induced phase shifts involve excitatory neurotransmission in the SCN (Harrington et al., 1994; Morin, 1994) . Glutamate is present in retinal afferents (Castel et al., 1993) , and both NMDA and non-NMDA receptors are expressed in the SCN (van den Pol, 1994; Mikkelsen et al., 1995a; van den Pol et al., 1995) . Furthermore, NMDA receptor activation, calcium influx, nitric oxide, and cGMP signaling lead to phase shifts in vivo and in vitro, and their effects are restricted to the subjective night Mikkelsen et al., 1993; Rea et al., 1993; Ding et al., 1994; Weber et al., 1995a,b) .
Another system affecting the SCN is dependent on cAMP. Application of a cAMP analog in vitro produces prominent phase advances in the subjective day but not in the subjective night . The phase response curve is more similar to those produced by nonphotic arousal stimuli, such as injection of saline, forced activity in novelty, or exposure to a dark pulse in the subjective day (Mrosovsky and Salomon, 1987; Hastings, 1992; Sumova et al., 1994) . Although neuropeptide Y (NPY) (Biello et al., 1994) and serotonin (Edgar et al., 1993) have been implicated in nonphotic shifts, the primary neurotransmitter that mediates daytime phase shifts through cAMP is not yet known.
One possible candidate is pituitary adenylate cyclaseactivating peptide (PACAP), a powerful stimulator of adenylate cyclase activity (Miyata et al., 1989 (Miyata et al., , 1990 Arimura, 1992) . PACAP has been demonstrated in the CNS (Arimura et al., 1991; Ghatei et al., 1993; Masuo et al., 1993; Arimura and Shioda, 1995; Hannibal et al., 1995a,b; Mikkelsen et al., 1995b) as well as the peripheral nervous system of the rat (Arimura and Shioda, 1995; Frödin et al., 1995; Fahrenkrug and Hannibal, 1996) . PACAP immunoreactivity (PACAP-IR) has been found in the SCN region, but no information is available regarding its role there (Masuo et al., 1993) . PACAP stimulates three types of PACAP receptors (Ishihara et al., 1992; Hashimoto et al., 1993; Lutz et al., 1993; Pisegna and Wank, 1993; Spengler et al., 1993) . Only the PACAP-R3 receptor mRNA has been demonstrated in the SCN (Lutz et al., 1993) .
We used immunocytochemistry in combination with retrograde tracing from the retina and demonstrate here that PACAP is found in the RHT. By in situ hybridization we show that the PACAP-R1 receptor is expressed in the SCN. A possible role of PACAP in the circadian system was investigated in vitro using an SCN brain-slice preparation (Ding et al., 1994) . The findings provide evidence that PACAP may be the primary transmitter that activates cAMP in the SCN during the daytime.
MATERIALS AND METHODS
Animals. Male Wistar rats (180 -200 gm) housed in 12 hr light/dark cycle were used for the anatomical studies. All tracing experiments were conducted in the daytime. In one experiment, eight rats were bilaterally enucleated under tribromomethanol anesthesia. After 14 d, the brains of these animals and eight sham-operated animals were fixed as described below. The brains from the two groups were cut in 40-m-thick sections on a freezing microtome and processed for immunocytochemistry as described below. In another experiment, six rats were given unilateral intraocular injections of cholera toxin subunit B (ChB), as described previously (Mikkelsen, 1992) , and they survived for 8 d before fixation. The brains of animals injected with ChB were cut in 12-m-thick sections on a cryostat and mounted on silane-coated glass slides for double immunofluorescence procedures (see below). In a third experiment, four animals received 1 gm/ml colchicine (Sigma, St. Louis, MO) in 10 l of PBS in each vitreous body 24 hr before fixation to increase immunostaining. The retinas were removed as whole mounts after fixation and processed for immunocytochemistry.
Immunocytochemistry. On the day of fixation, the animals were anesthetized with tribromoethanol (20 mg/100 gm body weight) and perfused via the left ventricle with a room temperature solution of saline (0.9%) to which heparin (15,000 IU/l) was added (75-100 ml over 3 min). This perfusion was followed by 2% paraformaldehyde, 0.2% picric acid in 0.1 M sodium phosphate buffer, pH 7.2 (300 ml over 15 min). After fixation, the brains were removed rapidly and post-fixed in the same fixative for 24 hr. After post-fixation, the brains were equilibrated in PBS (0.05 M, pH 7.4) containing 30% sucrose for 48 hr at 4ЊC and then sectioned in 40-m-thick sections in a freezing microtome. Whole mounts of the retina were processed like the free-floating brain sections, as described below.
Immunocytochemical visualization of PACAP-IR was carried out as described previously using the avidin-biotin bridge method (Hannibal et al., 1995a) . The sections and the entire retina whole mounts were incubated for 24 hr with a monoclonal anti-PACAP antibody at 4ЊC. The specificity of the monoclonal antibody (code MabJHH1) has been characterized previously and displays equal affinity for PACAP-38 and PACAP-27, recognizing an epitope between amino acid 6 and 16, but it has no affinity for structurally related peptides such as vasoactive intestinal peptide (VIP) (Hannibal et al., 1995a) . After incubation with the primary antibody, the sections were washed and then incubated for 60 min at room temperature in biotinylated rabbit anti-mouse diluted 1:600 (Dako, Glostrup, Denmark). The sections were then washed and finally incubated for 60 min at room temperature in ABC-streptavidin horseradish peroxidase complex diluted 1:125 (Dako). After the sections were washed, they were incubated for peroxidase activity in a solution of diaminobenzidine (DAB) for 15 min, and the reaction was terminated by washing the sections in excessive amounts of water. Finally, the sections and whole-mount retinas were mounted on gelatinized slides, dried, and embedded in Depex. Control sections for single antigen immunocytochemistry were processed routinely by either omitting or replacing the primary antibody with an equivalent concentration of either goat or rabbit preimmune serum or with antibody preabsorbed with PACAP-38 and PACAP-27 (20 g/ml). All immunocytochemical staining was blocked by these procedures.
Immunocytochemical visualization of PACAP-IR and ChB was performed using the procedure described previously for visualization of two antigens . Briefly, the sections were incubated in a mixture of monoclonal PACAP-antibody (supernatant diluted 1:2) and goat anti-ChB antiserum (List Biologicals, Campbell,CA) (diluted 1:750) for 24 hr at 4ЊC. After this incubation, sections were washed and incubated for 60 min in a mixture of biotinylated rabbit anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA) diluted 1:50 and a fluorescein isothiocyanate-conjugated donkey anti-goat IgG (Nordic Immunology, Tilburg, The Netherlands) diluted 1:80. After they were washed, the sections were finally incubated for 60 min with a streptavidin-Texas Red-conjugated complex (Amersham, Birkerød, Denmark) diluted 1:50, washed, and mounted on gelatin-coated slides and embedded in Glycergel (Dako).
In situ hybridization histochemistry. In situ hybridization was performed using a slight modification of the previously described procedure (Fahrenkrug and Hannibal, 1996) . Twelve-micrometer sections from three rats were used. The 35 S-UTP-labeled antisense and sense RNA probes were prepared by in vitro transcription using T7 (antisense) and SP6 (sense) RNA polymerase. The template containing a cDNA encoding the whole PACAP type I receptor sequence (nucleotide 20 -1546) (Pisegna and Wank, 1993) was kindly given by Dr. Steven A. Wank. The plasmid (pGEM-3Z) was linearized with HindIII for antisense probe and with EcoR 1 for the sense probe. Transcription was performed at 37ЊC for 2 hr in 20 l containing 5ϫ TB buffer (Boehringer Mannheim, Mannheim, Germany), 25 mM dithiothreitol (DTT), 20 U RNasin (Amersham), 1.5 mM NTP-mix (Boehringer Mannheim), 40 U polymerase (T7, Stratagene, La Jolla, CA, or SP6, Boehringer Mannheim), and 2 M 35 S-UTP (3000 mCi, Amersham). After the DNA template was removed by adding 1 l of RNasin (30 -40 U), 2 l of tRNA (10 g/l), and 1 l of DNase (Boehringer Mannheim), and incubation for an additional 15 min at 37ЊC, the probes were purified by water/phenol extraction followed by chloroform/isoamyl alcohol extraction, and finally NH 4 acetate/ethanol precipitation. The labeled product was fragmented by incubation in hydrolysis buffer for 50 min at 60ЊC and used in a concentration of 1 ϫ 10 7 cpm/ml. After hybridization overnight at 53ЊC, the sections were washed in 4ϫ saline sodium citrate (4ϫ SSC ϭ 0.60 M NaCl, 0.060 M sodium citrate), 4 mM DTT for a few minutes at room temperature followed by RNase treatment for 30 min (RNase A buffer, Sigma). After they were washed in 2ϫ SSC, 2 mM DDT at room temperature for 60 min followed by washing in 0.01ϫ SSC, 2 mM DDT at 60ЊC for 60 min and 1ϫ SSC, 2 mM DDT for 10 min at room temperature, the sections were dehydrated through a series of alcohols. The slides were finally exposed to Amersham Hyperfilm for 3 weeks. For control purposes, hybridization was performed in parallel using an antisense and a sense probe on consecutive sections. SCN brain slice and neurophysiological methods. These methods have been described in detail previously (Ding et al., 1994) . Briefly, a 500 m coronal hypothalamic slice containing the paired SCN was prepared at least 2 hr before the onset of the dark phase from 6-to 9-week-old inbred Long-Evans rats housed in a 12 hr light/dark lighting schedule. Brain slices survived for 3 d with continuous perfusion (34 ml/hr) by Earle's balanced salt solution (EBSS) supplemented with 24.6 mM glucose, 26.2 mM sodium bicarbonate, and 5 mg/l of gentamicin and saturated with 95% O 2 /5% CO 2 at 37ЊC (pH 7.4). The single-unit activity of SCN neurons was recorded extracellularly with a glass microelectrode, and running means were calculated to determine the peak of activity.
The effects of 10 Ϫ6 M PACAP-38 (Sigma), the dominant product of post-transcriptional processing of the PACAP precursor in the rat brain (Hannibal et al., 1995a) , were examined at circadian time (CT)-6, -14, and -19. For treatments, the perfusion was stopped, and a 1.0 l microdrop of test substance dissolved in EBSS was applied directly to the SCN. After 10 min, the SCN surface was washed with EBSS, perfusion was resumed, and the time of peak was assessed on the subsequent days. Extracellular single-unit activities were sampled throughout the SCN in brain slice in 10 sec intervals over 2 min and grouped into a 2 hr running average to determine the peak of firing activity (Ding et al., 1994) . Because a PACAP-R3 (ϭ VIP-R2) receptor has been demonstrated in the SCN (Lutz et al., 1993) , we evaluated the effects of VIP at the time of maximal SCN sensitivity to PACAP. Dose-response curves were generated at CT6 by applying PACAP-38 at a dose from 10 Ϫ10 M to 10 Ϫ5 M or VIP from 10 Ϫ7 M to 10 Ϫ4 M for a 10 min pulse in a 1 l droplet. For each dose, three to four experiments were performed. To investigate the specificity of the PACAP effect as well as the signaling pathway involved, a PACAP antagonist PACAP 6 -38 (Robberecht et al., 1992 ) (10 M) and a competitive inhibitor for cAMP-dependent processes, Rp-cAMPS (Rp) (Prosser et al., 1994 ) (10 M), were added to EBSS 20 min before PACAP-38 was applied. Experiments were performed with the experimenter "blind" to the treatment protocol.
RESULTS

PACAP-IR is localized in the retina and in the retinorecipient SCN
With use of a specific antibody against PACAP, PACAP-IR was demonstrated within the RHT, in the retinal papilla (Fig. 1 A) , in retinal ganglion cells (Fig. 1 B) , and in nerve fibers and terminals primarily in the ventrolateral part of the SCN (Figs. 1C-E) in normal adult rats. The PACAP-IR retinal ganglion cells projecting to the circadian system belong to a homogeneous population of neurons spread throughout the retina and seemed to represent a population of small neurons resembling the type III, or W, cell type (Cooper et al., 1993; Moore et al., 1995) . The individual neurons have an oval perikarya with two to four thin, sparsely branching processes (Fig. 1 B) . The PACAP-IR ganglion cells were seen without colchicine, but the staining was less intense (data not shown).
Within the SCN, the exact position of PACAP terminals varied along the rostrocaudal axis of the nucleus and overlapped extensively with the retinorecipient area. In the rostral SCN, the PACAP-IR nerve fibers were located in the extreme ventral part of the nucleus, whereas in the middle and caudal SCN, the number of fibers increased and the location changed to more lateral and laterodorsal positions (Figs. 1C-E) .
PACAP innervation of the SCN and the intergeniculate leaflet (IGL)
To determine the extent of labeling attributable to retinal innervation, the distribution of PACAP was studied in normal and bilaterally enucleated rats. In the enucleated animals, the number of PACAP-IR nerve fibers in the SCN was markedly diminished. In particular, prominent reduction was observed in the retinorecipient area of enucleated animals ( Fig. 2 A,B) . Detectable levels of immunoreactivity were still found in the SCN inside and outside the retinorecipient area after enucleation. Simultaneous visualization of PACAP-and ChB-IR in the SCN using the anterograde tracer ChB revealed that the majority of PACAP-IR nerve fibers also exhibited ChB-IR (Fig. 2C,D) , giving further evidence that the nerve fibers originate from the ganglion cells in the retina. To determine whether PACAP-containing axons of retinal ganglion cells innervated the IGL, PACAP-IR in this structure was analyzed as well. A considerable plexus of PACAP-IR nerve fibers and varicose terminals, which overlapped extensively with the distribution of retinal afferents, was demonstrated in the IGL (Fig. 2 E,F ) . After enucleation, fibers in the IGL almost completely disappeared (not shown). 
PACAP adjusts the phase of the circadian rhythm in the SCN
To determine the functional implications of PACAP innervation of the SCN, we assessed the effect of PACAP-38 on the phasing of the SCN rhythm of neuronal activity. Application of PACAP-38 altered the phase of the circadian rhythm of neuronal activity (Fig.  3A) . The phase shift occurred as a prominent advance of the activity peak by 3.5 Ϯ 0.4 hr when PACAP-38 was applied in a 1 l drop at CT6, mid-subjective daytime. (CT0 is defined as the time when light comes on in the donor colony.) No phase shift was demonstrated at CT14 or CT19 (Fig. 3C) . The phaseshifting effect was dose-dependent, with a half-maximal shift occurring in response to a microdrop of 3 ϫ 10 Ϫ9 M of PACAP-38 (Fig. 3B) . Notably, the 1 l drop of PACAP-38 would be diluted significantly during diffusion into the SCN. Thus, the effective concentration is likely to be in the range seen in binding assays of PACAP receptors (Pisegna and Wank, 1993) . The PACAPinduced phase shift was fully blocked by the specific peptide antagonist PACAP(6 -38) (Fig. 3D) , demonstrating the specificity of the PACAP signal. 
The effects of PACAP on the SCN are channeled via a PACAP-R1 receptor and a cAMP-mediated pathway
By in situ hybridization histochemistry using an antisense cRNA probe, PACAP-R1 receptor mRNA was demonstrated in the ventral SCN (Fig. 4 A) . No signal was obtained with the sense probe (Fig. 4 B) . This demonstrates that the PACAP-selective type-1 receptor, which exhibits a 1000-fold lower affinity for VIP than for PACAP (Spengler et al., 1993) , is expressed in the retinorecipient SCN. To examine whether this receptor mediates phase resetting of the biological clock, we investigated the effects of VIP in vitro. A PACAP-R3 receptor (ϭ VIP type 2 receptor), which has equal affinities for either PACAP or VIP, had also been demonstrated in the SCN (Lutz et al., 1993) . Therefore, we examined the response to VIP over a range of concentrations. VIP was 1000-fold less potent than PACAP at altering the phasing of the SCN circadian rhythm. The half-maximal response to VIP was calculated as a 0.75 hr phase advance to a microdrop containing 7 ϫ 10 Ϫ7 M VIP. As can be seen in Figure 3B , a shift of this magnitude would be produced by 7 ϫ 10 Ϫ10 M PACAP. To investigate the second messenger pathway activated by PACAP, we tested the effect of PACAP together with a competitive inhibitor for cAMP-dependent processes, Rp-cAMPS. Application of Rp-cAMPS before PACAP application completely blocked the phase advance of PACAP at CT6 (Fig. 3D) , confirming that the PACAP-R1 receptor stimulates a second messenger pathway involving cAMP/protein kinase A.
Statistics
General linear regression for unbalanced ANOVA and post hoc test (Duncan) showed significant difference between the phase of SCN neuronal activity after PACAP treatment compared with either PACAP 6 -38 peptide alone or in combination with M PACAP-38 was applied directly to the SCN for 10 min, followed by a rinse in medium. Horizontal bars indicate subjective night. B, Dose-response curve for a 10 min pulse of 1 l of PACAP-38 (closed circles) and VIP (open circles) to the SCN in vitro at CT6. Each data point represents the mean Ϯ SD of three to four experiments, as indicated, measuring the time-of-peak as in Figure 3A . Half-maximal response was achieved at 3 ϫ 10 Ϫ9 M PACAP and 7 ϫ 10 Ϫ7 M VIP. Experiments were performed with the experimenter "blind" to the treatment protocol. C, Phase advance by PACAP depends on the circadian time of application to the SCN (dosage as in Fig. 3A) . Each data point represents three to four experiments as indicated. Phase advance is 3.5 Ϯ 0.4 hr at CT6. No significant phase shift was detected at CT14 or CT19, points of maximal responsiveness to light and glutamate (Ding et al., 1994) . D, The phase shift by PACAP was blocked by the PACAP receptor antagonist PACAP 6 -38, and a competitive inhibitor for cAMP dependent processes, Rp-cAMPS. Brain slices were incubated for 20 min with 10 M PACAP 6 -38 or 10 M Rp-cAMPS before PACAP application in a microdrop onto the SCN for 10 min. Each data point represents the mean Ϯ SD of three to four experiments as indicated. Significant difference was found between PACAPversus Rp-cAMPS-treated groups, and between PACAP and PACAP 6 -38 ϩ PACAP-treated and Rp-cAMPS ϩ PACAP-treated groups, respectively. No significant difference was detected between PACAP 6 -38, Rp-cAMPS, and antagonist ϩ PACAP-treated groups. ** p Յ 0.01. PACAP-38 ( p Յ 0.01). The time-of-peak was not significantly different between PACAP 6 -38 and PACAP 6 -38 plus PACAPtreated groups. A significant difference was also found when the PACAP treatment group was compared with the Rp-cAMPStreated group alone or in combination with PACAP ( p Յ 0.01). No significant difference was detected between Rp-cAMPS and Rp-cAMPS ϩ PACAP-treated groups.
DISCUSSION
By combining both neuroanatomical and neurophysiological approaches, we have demonstrated that (1) PACAP-IR fibers project from diffuse retinal ganglion cells to two projection sites of the circadian system, the hypothalamic SCN and the thalamic IGL; (2) PACAP can reset the SCN circadian rhythm in daytime, but not at night; and (3) this effect is selective for PACAP over VIP and is channeled via a PACAP-R1 receptor through a cAMPdependent pathway. These data suggest a prominent new role for PACAP in RHT signaling. The data support these findings, and their significance will be discussed in turn.
Localization of PACAP-IR to the RHT
The present experiments using a range of anatomical methods show that PACAP is localized in the RHT. First, PACAP-IR appears in diffusely distributed retinal ganglion cells of a stellate morphology, like those that give rise to the RHT (Moore et al., 1995) . Second, the retinorecipient zone of the SCN comprises an area of the lateral and ventral parts in which the PACAP-IR fibers terminate. PACAP-IR is also localized in projections to another retinal recipient region of the thalamic lateral geniculate nucleus, the IGL, which is involved in circadian timing. Third, a substantial number of PACAP-IR fibers and terminal varicosities co-stored a neuronal tract tracer taken up by retinal ganglion cells. Finally, enucleation showed that nearly all PACAP-IR fibers disappear from the SCN and IGL; however, detectable levels of PACAP-IR were still found in the SCN inside and outside the retinorecipient area after enucleation, indicating that a minor afferent system originated from the brain. Furthermore, minor fibers containing PACAP-IR that was unaffected by enucleation were observed in other visual centers (not shown).
The pathway transmitting the light signal to the SCN consists of a subset of retinal photoreceptors and ganglion cells (Foster et al., 1991; Cooper et al., 1993; Moore et al., 1995) , and it is considered to be a unique system in the retina related to regulation of circadian timing. These retinal ganglion cells are described as the type III, or W, cell type and are scattered within the retina. Whether all of the PACAP-positive ganglion cells are involved in circadian function remains to be established; however, their morphology with restricted dendritic arborization resembles the types identified by Moore et al. (1995) , and the restricted loss of immunoreactivity in elements of the circadian timing system, such as the SCN and the IGL, after enucleation suggest that they belong exclusively to this function. On the other hand, whether there are more ganglion cells implicated in circadian function than these positive for PACAP cannot be determined from the present results. PACAP has been demonstrated previously only by immunochemical methods in extracts taken from the SCN (Masuo et al., 1993) . These results correspond with the data presented in this study using immunocytochemistry. They differ from the findings presented by Köves et al. (1991) , probably because of a lower avidity and /or different specificity of the antiserum used in those experiments. Our antibody has been characterized in detail previously (Hannibal et al., 1995a) . A good correlation was found between the presence of PACAP-IR and PACAP mRNA in neurons of the paraventricular hypothalamic nucleus, demonstrating the specificity of the antibody used .
Mechanism of PACAP signaling at the SCN
The present study provides evidence that PACAP adjusts the phase of the SCN through the PACAP-R1 receptor and a cAMP signaling pathway. First, neurons expressing PACAP-R1 mRNA are localized in the SCN. In addition to PACAP-R1, PACAP-R3 receptor (VIP-R2) mRNA is also expressed in the SCN (Lutz et al., 1993; Usdin et al., 1994) . Notably, PACAP-R1 is more concentrated in the ventral than in the dorsomedial part of the SCN, whereas PACAP-R3 is primarily in dorsomedial aspects of the SCN (Lutz et al., 1993) . Even though both receptors are coupled to cAMP cascades, PACAP-R1 has 1000-fold higher affinity for PACAP than for VIP, whereas the PACAP-R3 displays similar affinities for the two peptides (Hashimoto et al., 1993; Lutz et al., 1993; Pisegna and Wank, 1993; Spengler et al., 1993; Usdin et al., 1994) . Accordingly, VIP was nearly 1000-fold less potent in stimulating a phase shift than PACAP, confirming that PACAP-R3 is not involved in this response.
This strongly implies that PACAP could stimulate cAMP production in SCN neurons after appropriate stimulation of the RHT. This is supported further by the findings that (1) RpcAMPS blocks the phase-shifting effect of PACAP and (2) the SCN exhibits similar phase-dependent sensitivity to PACAP and cAMP .
Phase-dependent sensitivity and relationship to roles in vivo
The effects of PACAP on clock phasing could be produced at CT6, but not at CT14 or CT19. In other words, the receptivity of the clock to PACAP changes over the circadian cycle of the clock, even though the SCN is maintained in constant conditions in vitro. This restricted sensitivity to a signaling molecule follows the pattern of clock-controlled regulation of entrainment pathways now well documented for other regulators of circadian timing (Gillette et al., 1995; Gillette, 1996) . The similarity between the phases of sensitivity to cAMP , serotonin (Medanic and Gillette, 1992) , NPY (Medanic and Gillette, 1993) , and PACAP in vitro suggests that these sensitivities and neurotransmission may be coupled. Indeed, their sensitive periods appear in daytime. This pattern is in antiphase to the timing of clock sensitivity to acetylcholine and cGMP Liu and Gillette, 1996) as well as to a pathway involving light, glutamate, NMDA receptor activation, NO donors, and transcriptional activation by CREB and Fos, which are effective at night (Rea et al., 1993; Ding et al., 1994 Ding et al., , 1997 .
Paradoxically, PACAP, which adjusts clock phasing in the daytime, is localized to types of cell and the pathway that mediates nocturnal phase resetting via glutamate. Our discovery of a peptide neurotransmitter within a photic sensory pathway whose primary neurotransmitter is an excitatory amino acid raises a question as to what stimulus conditions might regulate release of either or both of these neurotransmitters. Studies of pain sensory pathways, which also contain both classical and peptide neurotransmitters, provide a precedent for different stimulus conditions inducing different neurotransmitter release profiles (Hökfelt et al., 1980) . We should not assume that PACAP and glutamate are necessarily colocalized, because two fiber tracts have been described within the hamster RHT (Treep et al., 1995) . Presently, we do not know whether PACAP is released by retinal fibers in the SCN in response to light, in day and /or night, or whether it is co-released with glutamate. This should not exclude the possibility, however, that PACAP is released during subjective day by other photic changes (light to dark, dark to light, or changes in light intensity) and /or is released by other stimuli, or that PACAP is released during the subjective night by light to play a modulatory role in the context of other neurotransmitter activities.
Light by itself does not cause phase shifting in the daytime, whereas arousal stimuli, such as dark pulses and intense locomotor activity, produce prominent phase advances (Ellis et al., 1982; Mrosovsky, Salomon, 1987; Mrosovsky, 1995; Boulos and Rusak, 1996) . It is considered that NPY released from the geniculohypothalamic tract is essential for generation of this type of phase shift (Biello et al., 1994) during subjective day, whereas NPY released at night has a modulatory function on light-induced phase shifts (Biello, 1995) . Serotonin (5-hydroxytryptamine), which reaches the retinorecipient area of SCN mainly via projections from the median raphe nucleus (Meyer-Bernstein and Morin, 1996) , induces significant phase advances during the subjective day at the time that PACAP is effective (Edgar et al., 1993) , whereas serotonin seems to modulate light-induced phase shifts during the subjective night Ying and Rusak, 1994) . Localization of PACAP-IR in retinorecipient SCN, where NPY and serotonin projections terminate, suggests that an integration of these signals may occur in the SCN. PACAP in the RHT may either mediate or modulate the effect of signals initiated by these transmitters.
In summary, PACAP was demonstrated in projections from the retina to the SCN and IGL, two central sites that regulate the circadian system. In the SCN, PACAP was found to reset the phase of the biological clock through a PACAP-R1 receptor via a cAMP signaling pathway. The sensitivity of SCN to PACAP-induced phase shifting appeared in the subjective daytime. This implies strongly that PACAP could be a new regulator in the circadian system.
